The present study demonstrates an innovative single-step thermal synthesis of nanosized lithium tetraborate dosimeter and its characterization. The optimum calcination temperature and time for the synthesis of the nanoparticles material was 750
Introduction
Ever since Daniels et al. reported for the first time on the TL as a technique in radiation dosimetry [1] , the TL has been attracted tremendous attention in science, industry and medicine for radiation dose monitoring. They showed that the irradiated material contains stored energy, which could be thermally released. are only a few tissue equivalent TL materials for radiation dosimetry particularly in clinical applications and radiation therapy, lithium tetraborate Li 2 B 4 O 7 (LTB) is one of the most popular materials for personal thermoluminescence dosimetry (TLD). The effective atomic number (Z eff ) of LTB is 7.4, which closely matches with the Z eff of human tissue (7.42) [3] . Furthermore, LTB is an almost stable chemical compound and can be easily doped with TL sensitizers such as rare earth elements, copper or manganese ions. The resultant materials show some desirable features for TL in terms of high sensitivity [4] . Takenaga et al. successfully improved the sensitivity of LTB by replacing Mn with Cu [5] . They also found that TL emission spectra at 365 nm for LTB: Cu, In pellets and LTB: Cu, In, Ag pellets improved the linearity of dosimeter. However, those TL were sensitive to light and had high fading [6] . Doping of LTB crystals have also received attention as a promising method to produce neutron scintillator with large cross section for neutron capturing by lithium and boron isotopes [7] in surface acoustic wave devices for intermediate frequency (IF) filters [8, 9] . Recently, prepared Cu doped LTB crystals modified TL response but supralinearity has been seen [10] . The single crystal growth of non-doped and Cu doped LTB improved linearity, though fading was 85% and 6% after 6 days, respectively [11] . In recent years, intensive research focuses on the development of nanosized phosphors due to some positive findings including better radiation resistance, wide range linearity [12] , less fading and detection of high energy ionizing radiations [13] unobtainable with conventional macroscopic materials. The peculiar properties of nanomaterials are arising from their increased surface to volume ratio and changes in their electronic structure due to quantum confinement. Consideration of these substances has been motivated by the understanding that small size particle, grain, or phase and high surface-to-volume ratio give these materials unrivalled optical, mechanical, magnetic, and electronic properties [14] . Nanophosphor LTB and LTBCu were prepared by combustion method showed good improvement on TL characteristics of this dosimeter [14] , but sublinearity and serious fading have seen. Anyway, some luminescence features of LTB were improved by synthesis in micro and nano scales with adding different activators.
The present study reports remarkable improvement on some properties of undoped LTB nanophosphors for the first time by an innovative single step thermal treatment method. The ultrafine nanoparticle LTB has showed considerable performance on linearity, energy storage ability, and energy dependence as comparison with the samples that newly prepared in micro and nano scales. This article provides a detail on the preparation and characterization of undoped LTB nanophosphors.
Experimental

Synthesis of LTB nanoparticles
The starting materials for synthesis of LTB nanoparticles are lithium carbonate (Li 2 CO 3 ) and boric acid (H 3 BO 3 ) as lithium and boron sources respectively, and polyvinylpyrrolidone (PVP) (MW = 58,000) as a surfactant agent. Lithium carbonate, boric acid, and PVP were purchased from Sigma-Aldrich. All chemicals are analytical grade products and were used without further purification. In a typical preparation, 0.0058 mol of Li 2 CO 3 and 0.024 mol of H 3 BO 3 were added to 20 ml deionized water include 0.027 mol PVP. The master mixture was stirred for 1 h at 60 • C. The final solution was assigned to slow separation nucleation based on single step thermal treatment method, which is basically credited of Pechini method [15] . The solution was sintered at 750 • C for 2 h undergone fast cooling regime to allow crystallization of nanoparticles [16] . The solid cake was ground and sieved through 200 and 100 m mesh to ensure that the particles were close to crystalline size.
Characterization
The characterization of the prepared LTB nanoparticles was conducted using various techniques to explore parameters of interest. The structural characteristics of the nanocrystalline powder were determined by X-ray diffraction (XRD) technique using Shimadzu 6000 diffractometer utilizing Cu K␣ (0.154 nm). A Perkin Elmer 1650 FTIR Spectrometer was used to identify the chemical composition of calcined samples. The average particle size and size distribution of nanoparticles were evaluated by transmission electron microscopy (TEM) images using JEOL 2010F UHR version electron microscope operating at an accelerating voltage of 200 kV. The average size and size distribution of nanoparticles were determined by Java-based image processing programme image J. Thermally stimulated luminescence (TSL) investigation of the pellet LTB nanoparticles was done to determine TL intensity, energy storage ability, and energy dependence using Harshaw TLD reader model 4500.
TL investigation
The LTB chips were prepared by 0.0320 g substance with 0.48 cm diameter and 0.089 cm thickness, which were calcinated at 750 • C. Annealing of the chips was performed to eliminate all previous exposure effects in pre-irradiation and post-irradiation process for obtaining the nil samples. The chips were annealed at different temperatures of 250, 300, and 400 • C for time intervals of 15, 30, 60 min in TLD annealing furnace (model A134307) with a heating rate of 1 • C/min to get optimum annealing programme. The optimum pre-heating annealing schedule was found at 300 • C for 30 min. The chips were assigned for very fast cooling regime by 20 • C/min. The nanophosphors were subjected to different Time Temperature Profile (TTP) plans to optimize the best fitted acquire area. In this matter, different pre-heating temperatures were applied to the samples of 50, 60, 120, and 160 • C with time intervals of 5, 6, 20, and 60 s. The best TTP schedule was found at 50 • C for 60 s. The chips were exposed to the Gamma dose radiation in personnel and medical ranges from 0.1 to 1.5 × 10 2 Gy at room temperature at 59.7% humidity by two different calibrated sources. Eldorado 8 60 Co for 0.1, 0.5, and 1 Gy doses and Gamma cell (GC220 Excel) for 5, 10, 100, and 150 Gy doses with dose rates of 0.049 Gy/min and 2.189 kGy/h, respectively. All samples were kept in a plexy glass container to achieve electron equilibrium during irradiation [17] . All nanophosphor chips were stored at room temperature in a dark room for 24 h to remove all shallow peaks before TL measurements. The TL glow curves of exposed samples were recorded by a Harshaw TLD Reader, with a heating rate of 5 • C/s under a nitrogen atmosphere to prevent any spurious signals and remove effects of induced oxygen. Energy dependence property of synthesized LTB nanoparticles was investigated using a calibrated X-ray source from 40 up to 150 kV, 60 Co, and 137 Cs reference sources. The chips were exposed to a test dose of 500 mGy at room temperature in almost 64% humidity. The X-ray filtration was done by Aluminium attenuation layers. The samples were read-out under the same TTP programme and same situation, which were employed in other parts of characterization.
The results were corrected with consideration of temperature, pressure, and humidity according to standard protocols of Secondary Standard Dosimetry Laboratory (SSDL) [18] .
3.
Results and discussion
XRD investigation
The XRD pattern of synthesized lithium tetra borate is depicted in Fig. 1 
FT-IR spectral investigation
Infrared spectroscopy provided essential information about functional groups and network structures in the samples. Fig. 2 shows the peaks corresponding to the frequencies of stretches vibrations of the bonds between atoms in LTB. Detailed assignment of the observed IR bands is listed in 
TEM investigation
The average size and size distribution of nanophosphor powders were calculated from TEM images based upon at least 150 nanoparticles for each sample. The size distribution histograms fitted to the Gaussian distribution using OriginPro9 are given in Fig. 3 . Morphological evaluation of the TEM images (Fig. 3) shows that the nanoparticles are generally spherical in shape and approximate monodisperse. LTB nanoparticles have relatively narrow size distributions in the range from 1.0 to 7.0 nm with estimated average size of ∼3.3 nm [24] , which has meaningful effect on energy dependence of TL dosimeters [25] . 
Thermally stimulated luminescence (TSL)
Thermally stimulated approaches are a category of physical processes in which a definite property of the material under investigation is measured as a function of temperature. Typically, the property in question is measured during the heating of the sample. The process of excitation may be done by irradiation samples by ionizing radiation. The characteristic property of the sample according heating is not repeated during cooling. Re-excitation of the material is necessary due to repeat the measurement [16] . The most widely considered and applied of all thermally stimulated experiences is the emission of light during the heating of an excited sample, which is called TL. The TL technique is a powerful tool for evaluation of a material as a dosimeter [26] and is the main subject of our study in the present research. The investigation was performed for nanophosphor LTB chips in different annealing conditions and TTP situations and their glow curve shapes, linearity, energy dependence, and energy storage ability were studied in detail. two shoulders at all doses except 0.1 Gy. All obtained glow curves in dose range of 1-150 Gy show a predominant peak at 150 • C and two shoulders at 110 and 200 • C. It should be underlined the shoulders are the outcome of capping effect during nanoparticles preparation [27] . Fig. 5 shows the glow curves of synthesized nanocrystalline LTB exposed to 10, 5, and 1 Gy doses. The result shows the predominant peak in the named doses has been the same as above. The TL glow curves of nanophosphor in 0.5 and 0.1 Gy have a predominant peak at 200 • C, and two shoulders at 140, 285 • C for 0.5 Gy and also 290 • C for 0.1 Gy. Table 2 illustrates the peak position data of LTB nanophosphors irradiated in different dose ranges of Co-60 gamma ray. Moreover, Table 3 depicts the comparison of the TL properties of the present study with other researchers (undoped and Cu doped LTB). Due to Figs. 4-6 and Tables 2 and 3 it should be emphasized the peak position of undoped LTB nanoparticle appeared at 200 and 150 • C, which are resulted of ultrafine nano particle size and almost monodisperse LTB nanophosphors with nearly 3 nm in diameter. The 10% fading of LTB nanoparticles after one month is a noticeable result that is less than the outcome of other researchers as comparison in Table 3 . Furthermore, all glow curves show same characteristic shoulders. On the other hand, nanophosphors of LTB were exposed by maximum 150 Gy. Their intensity was 10 times higher than newly reported samples, which has been irradiated with 1000 Gy [14] . with variety of doses for nanophosphors chips. It was found LTB nanophosphor pellets showed noticeable linear response without any supralinearity or sub linearity from 0.1 to 1.5 × 10 2 Gy. It should be emphasized the linearity of LTB is in the range of medical and personal dosimetry [17] . These results illustrate an excellent trend comparable to the doped samples in other researches [29] , that are depicted in Table 3 .
Glow curve
TL response of LTB nanophosphor
Energy dependence of LTB nanophosphor chips
The energy dependence of LTB is seen in Fig. 8 . The response was normalized by 137 Cs response at the same irradiation condition. Regarding non-doped LTB are spherical ultrafine monodisperse nanoparticles, the trend of its energy dependence [25] among a wide range of 24-1250 keV is almost constant.
Energy storage ability (fading)
A desirable TL material, for the dosimetric purposes, is stable without serious fading in room temperature during long period of time. To investigate the energy storage ability of LTBs, they were exposed to 100 Gy dose by a 60 Co reference source. The chips were read-out in 1st, 2nd, 7th, 10th, 14th and 31st days from irradiation date. The read-out plan was performed under the same TTP programme and condition, which had been employed in other parts of the characterization. Moreover, the nanophosphors particles were kept in the dark at ambient temperature during the measurement. As depicted in Fig. 9 , TLDs show no changes in TL response after one month. Furthermore, the fading was 10% after one month. 
Conclusions
An innovative single-step thermal treatment procedure using a slow separation nucleation regime has resulted in the firsttime preparation of pure nano-crystalline lithium tetraborate. The successful synthesis of this nanoparticle material has been confirmed by XRD, FT-IR, TEM, and TL analyses. The specific objective of the present study is the named method can prepare remarkable nanophosphor LTB dosimeter without adding any activator. The unique feature of the current research is obtaining linearity response over a wider range, without any supralinearity and sublinearity, as a comparison to the results of the other researchers. It should be emphasized that interesting properties can be seen in non-doped lithium tetraborate nanoparticles. The LTB nanophosphors demonstrate excellent thermoluminescence properties such as simple glow curve, non-energy dependence and almost no fading. It is worth noting that nanophosphor LTB can be suggested as a thermoluminescence dosimeter material for evaluating the absorbed dose for personnel and medical dosimetry purposes.
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